Neisseria meningitidis is the cause of epidemic meningitis and fulminant meningococcal septicemia (8, 41) . The different clinical presentations are the consequences of a variable propensity of N. meningitidis to multiply in the circulation of the individual patient and to penetrate into the subarachnoid space to cause meningitis after the initial bacteremic phase (3, 6, 8, 41, 49, 53) . There is a close correlation between the real number of meningococci in plasma or cerebrospinal fluid and the concentration of meningococcal lipopolysaccharide (LPS) in these compartments (32) . LPS appears to play a crucial role in inducing a dose-dependent inflammatory response in patients (2, 6, 8) . After the discovery of the Toll-like receptor (TLR) system, it has become increasingly clear that several components of the bacterial cell wall contribute to the inflammatory reactions in the host. An LPS-deficient mutant of the meningococcal group B reference strain N. meningitidis H44/76 has been developed by insertional inactivation of the lpxA gene (40) . This mutant has become a valuable tool to study the specific biological effects of LPS integrated in the outer membrane versus the effects of other inflammation-inducing molecules in the N. meningitidis cell wall. Several research groups have shown that non-LPS molecules, mainly lipoproteins and fragments of peptidoglycan in the outer membrane, may exert immunostimulatory effects, albeit weaker than those of LPS (15, 17, 36, 39, 46) .
The interactions between N. meningitidis LPS and host cells have previously been studied in detail. Optimal cell activation requires hexa-acylated lipid A, phosphate head groups, and 2-keto-3-deoxyoctulosonic acid molecules in the LPS molecule (42, 48, 54) . To exert their effects, the LPS molecules are translocated from the outer membrane of meningococci to the LPS-binding proteins, which function as a lipid shuttle and transport LPS to the membrane-bound or soluble CD14 (3, 35) . In addition, myeloid differentiation protein 2, possibly modulating the lipid A structure, and TLR4 are essential components of the LPS receptor complex (2, 52) . The intracellular signaling is conveyed via MyD88-dependent and -independent pathways resulting in activating of multiple gene-regulating components (55) .
In previous studies we have used purified human monocytes as targets to try to dissect various pathophysiological mechanisms which are activated during meningococcal disease (2, 9, 29) . Given the fact that N. meningitidis LPS is a major but not the only outer membrane molecule that may activate host cells, we have aimed to study the specificity of N. meningitidis LPS versus non-LPS molecules in the outer membrane of menin-gococci as they react with normal human monocytes (9) . We have used microarray analysis to elucidate the specific effects of the LPS molecule by investigating the differences in global gene expression patterns after exposing monocytes to wild-type N. meningitidis (reference strain H44/76), LPS-deficient N. meningitidis (the N. meningitidis lpxA mutant), and purified N. meningitidis LPS. The results presented in this paper focus mainly on the effects of LPS presence by comparing the wildtype N. meningitidis and the LPS-deficient N. meningitidis in regard to both gene expression changes and proteins secreted to the culture medium. In addition, to substantiate the findings on LPS-induced transcriptional activation in human monocytes, we exploited the ability to quantify selected proteins in native biological systems, namely, in plasma from patients with meningococcal disease.
MATERIALS AND METHODS
Equipment and reagents. All reagents and solutions were analyzed for the presence of LPS using the Limulus amebocyte lysate (LAL) assay (Pyrochrome; Associates of Cape Cod Inc., MA). The lower detection limit was 0.16 endotoxin unit (EU)/ml.
Pooled human normal plasma. Heparinized whole blood was collected from consenting, healthy donors (n ϭ 10) and immediately centrifuged (1,400 ϫ g, 10 min, 20°C), and the plasma was pipetted off, mixed, aliquoted, and stored frozen at Ϫ70°C.
Acid-treated fetal calf serum (ATFCS) was prepared by acid treatment (to inactivate inhibitory serum-proteases and complement) of FCS tested to contain Ͻ1 EU/ml of LPS (51) .
Wild-type N. meningitidis and LPS-deficient N. meningitidis (lpxA mutant). N. meningitidis strain H44/76, serogroup B, was isolated from a culture of blood from a Norwegian patient with fulminant septicemia. The strain belonged to the MLST32/ET-5 clone and was serologically characterized with monoclonal antibodies as B:15:P1.7,16 with the immunotype L3,7,9. The LPS-deficient N. meningitidis (lpxA mutant) was obtained by insertional inactivation of the lpxA gene in Neisseria meningitidis strain H44/76, serogroup B, kindly provided by Liana Steeghs and Peter van der Ley, National Institute of Public Health and Environment, Bilthoven, The Netherlands to the National Institute of Public Health, Oslo, Norway (40) . The lpxA gene is required for adding the O-linked 3-OH fatty acid to UDP-N-acetylglucosamine, which is the first committed step in the lipid A biosynthesis pathway (40) . The completely LPS-deficient (lpxA) mutant of N. meningitidis still expresses the immunodominant outer membrane proteins in normal amounts (47). The meningococci were grown overnight on chocolate agar base (GC) medium with IsoVitaleX (Becton Dickinson) and harvested into Hanks' balanced salt solution (HBSS) containing 0.1% (wt/vol) bovine serum albumin (BSA). The bacterial suspensions were heat inactivated at 56°C for 30 min. The number of bacteria was determined by quantitative real-time PCR (q-PCR) (see below). The amounts of LPS in wild-type N. meningitidis and the lpxA mutant, quantified using the LAL assay (5), were 29 EU/ml in 10 6 wild-type organisms and Ͻ1 EU/ml in 10 6 and 10 8 organisms of the lpxA mutant. The amounts of protein (4) in wild-type N. meningitidis (2.2 ϫ 10 10 CFU) and the lpxA mutant (1.2 ϫ 10 10 CFU) were 20 and 32 mg/ml, respectively. Purified N. meningitidis LPS. Meningococcal LPS was extracted and purified from N. meningitidis prototype strain H44/76 (B:15:p1.16:L,3,7,9) as previously described (7) . One nanogram of N. meningitidis LPS is equivalent to 33 EU/ml. The final product contained Ͻ0.3% protein and no particular nucleic acid (7) .
Monocytes and patient plasma specimens. Elutriated, cryopreserved, purified human monocytes (Ͼ95% purity) (22) from different consenting, healthy donors (n ϭ 3) were used (Biobank material access number 908; Ulleval University Hospital, Oslo, Norway). The patients' samples (n ϭ 14) were collected after informed consent was obtained from parents, relatives, or patients and in accordance with guidelines approved by the Regional Medical Ethics Committee of Health Region I in Norway (Biobank material access number 948; Ulleval University Hospital, Oslo, Norway). The blood was collected and centrifuged, and plasma was pipetted off and aliquoted as described in detail earlier (8) . The patients were categorized as to clinical presentation as previously described (8, 32) .
Quantification of the number of bacteria by qPCR (N. meningitidis DNA quantification). In order to incubate the monocytes with the same number of meningococci, PCR quantification of N. meningitidis genomes, including genomes from both live and dead bacteria, was performed. Ten microliters of solutions of heat-inactivated wild-type or lpxA mutant N. meningitidis were added to 190 l of pooled normal plasma (heparinized) and subjected to robotized isolation of N. meningitidis DNA (MagNA Pure LC robot, DNA isolation kit part no 03 003 990 001 [Roche]). Quantification of N. meningitidis DNA was performed using q-PCR as previously described (32) , except with the sequencespecific hybridization probes (TIB Molbiol, Berlin, Germany) 5Ј-AGGATACG AATGTGCAGCTGAC-FL and 5Ј-LC Red640-GTGGCAATGTAGTACGAA CTGTTGC-PH (0.3 mol per reaction) and the Light Cycler Fast Start DNA Master Hybridization Probes Mix (catalog no. 12239272001; Roche) as the detection system.
Monocyte target assay. Elutriation-purified cryopreserved human monocytes were thawed, resuspended in 5% (vol/vol) ATFCS-RPMI 1640 containing 2% (vol/vol) penicillin-streptomycin, and seeded in microtiter plates (7.5 ϫ 10 5 cells suspended in 250 l ATFCS-RPMI/well). ATFCS-RPMI (250 l containing wild-type N. meningitidis [10 6 ], N. meningitidis LPS [1 ng] , N. meningitidis lpxA mutant [10 6 and 10 8 ], or vehicle) and pooled normal human plasma (500 l) was added to duplicate wells, and the plates were sealed off and incubated for 0 and 3 h (37°C, 5% CO 2 ). Pilot studies of both time course (0, 3, and 6 h) and concentrations of wild-type N. meningitidis, the N. meningitidis lpxA mutant, and N. meningitidis LPS were performed to determine the optimal gene expression changes of selected cytokines. Each plate was then centrifuged (47 ϫ g, 5 min, 15°C) and the supernatant gently removed, aliquoted, and stored at Ϫ70°C until assayed for released proteins by the Luminex system (see below). Subsequently, the cells were harvested and stored in 500 l lysis buffer Trizol reagent (Invitrogen, Carlsbad CA) at Ϫ70°C until subjected to total RNA isolation (see below).
Viability of monocytes. Cell viability was analyzed using a FACS Vantage DiVa flow cytometer (BD, San Jose, CA) with 488 nm excitation of annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI), detected through 530/22 and 630/22 filters, respectively. Human monocytes were seeded (Costar low-adherence plates) and stimulated with wild-type N. meningitidis (10 6 ), N. meningitidis LPS (1 ng), the N. meningitidis lpxA mutant (10 6 and 10 8 ), or vehicle for 3 hours prior to analysis. The number of cells was counted (Advia 60 hematology system; Bayer, Tarrytown, NY) before and after incubation to secure the same number of cells throughout the procedure. The harvested cells were suspended in annexin V binding buffer (BD, San Diego, CA) and annexin V-FITC (1 g/ml) (BD), which was used to quantify the percentage of cells undergoing apoptosis. The plasma membrane integrity was investigated with PI (Sigma Aldrich, Oslo, Norway) at a final concentration of 2 g/ml. Ten thousand events were acquired for each sample when analyzed in a PI versus annexin V-FITC dot plot by the BD FACS DiVa software version 4.1.2. Measurements of pulse-processed width versus area of forward light scatter signals were used to exclude doublets and aggregates from the analyses.
Opsonophagocytic activity. For the opsonophagocytic assay, the heat-inactivated wild-type and lpxA mutant N. meningitidis strains were labeled with the fluorescein-based probe carboxyfluorescein diacetate succinimidyl ester. Briefly, 20 l of bacteria (approximately 10 10 copies/ml) were washed in 1 ml HBSS supplemented with 0.2% BSA and suspended in 100 l HBSS-BSA, and 5 l carboxyfluorescein diacetate succinimidyl ester (1 mg/ml in dimethyl sulfoxide) was added. The mixtures were incubated for 5 min at room temperature, washed twice with 2 ml HBSS-BSA, centrifuged, and suspended in 200 l HBSS-BSA. Human monocytes (from three different donors) were seeded as described above for 3 h in the presence of FITC-labeled wild-type N. meningitidis and the N. meningitidis lpxA mutant in 50% human pooled plasma and 50% ATFCS-RPMI. Additionally, plasma passed through a protein G column (GE Healthcare, Oslo, Norway) to remove immunoglobulin G antibodies was used. The phagocytosis was stopped by placing the plates on an ice bath until analysis (1). Phagocytosis was determined by fluorescence microscopy and flow cytometry. A forwardversus side-scatter histogram was used to identify the monocytes, and the percentage of fluorescence-positive cells was recorded in a separate histogram as a measure of bacterial uptake. To discriminate between adherent and internalized bacteria, trypan blue (0.5%, vol/vol) was added to the phagocytosed cells; trypan blue will quenches the fluorescence of adherent bacteria, whereas the fluorescence of internalized bacteria will remain unchanged. Thus, the preparation was analyzed first without trypan blue and then in the presence of trypan blue.
RNA preparation. Total RNA was extracted using the Trizol method (Invitrogen, Carlsbad, CA) and the RNeasy MinElute cleanup kit (Qiagen catalog no. 74204) according to the manufacturer's instructions. The isolated total RNA was quantified (Nano Drop spectrophotometer; Saveen Werner AB) and quality controlled using the Agilent BioAnalyzer 2100 system and the RNA 6000 Nano assay, giving RNA integrity number values ranging from 8.8 to 9.7.
Affymetrix gene expression profiling. One hundred nanograms of total RNA, spiked with 100 ng of poly(A) controls (Poly A RNA control kit, part 900433; 2686 ØVSTEBØ ET AL. INFECT. IMMUN.
Affymetrix, Santa Clara, CA), was subjected to analysis with the two-cycle cDNA synthesis kit following the manufacturer's (Affymetrix) recommended protocol for gene expression analysis. Biotinylated and fragmented cRNA (15 l) was hybridized to the Affymetrix HG U133 Plus 2.0 array, representing 47,000 transcripts for 38,500 well-characterized human genes and 26 different cDNA synthesis controls. The signal intensities were detected with the Hewlett-Packard gene array scanner 3000 7G (Hewlett-Packard, Palo Alto, CA). The results are expressed as fold changes (FC), i.e., ratios of mean signal values from monocytes incubated with wild-type N. meningitidis (10 6 ), N. meningitidis LPS (1 ng), or the N. meningitidis lpxA mutant (10 6 and 10 8 ) to those from monocytes incubated with vehicle.
Statistical analysis of gene expression profiling. The 18 scanned images were processed using GCOS 1.4 (Affymetrix). The CEL files were imported into Array Assist software (v5.2.0; Iobion Informatics LLC, La Jolla, CA) and normalized using the PLIER (probe logarithmic intensity error) algorithm in Array Assist to calculate relative signal values for each probe set. In order to filter for low signal values, the MAS5 algorithm in Array Assist was used to create a data set of absolute calls, showing the number of present and absent calls for each probe set. The filtration was performed by eliminating probe sets containing Ն16 absent calls across the data set, resulting in a reduction of probe sets from 47,000 to 28,085. Duplicate or triplicate probe sets for a single gene were removed from the final data set in order to obtain the exact number of regulated genes. For expression comparisons of different groups, profiles were compared using both paired and unpaired t tests without corrections. Gene lists were generated with the criteria of a P value of Ͻ0.05 and an FC of Ն͉2͉. Unique and common genes from the different gene lists were identified by Venn diagrams in Array Assist. MATLAB R2007a was used to identify FC to the subsets from the entire gene list. In addition, Ingenuity Pathway analysis (Redwood City, CA) was used for classifying genes into biological functions and signaling pathways.
RT-PCR. The differential gene expression data were validated for selected transcripts using the TaqMan gene expression assays and the Applied Biosystems Prism 7900 HT sequence detection system. Thirty nanograms of pooled (10 ng from each of the three donors) total RNA from human monocytes induced by vehicle, wild-type N. meningitidis (10 6 ), N. meningitidis LPS 1 ng, and the N. meningitidis lpxA mutant (10 6 and 10 8 ) was reverse transcribed using Omniscript (Qiagen Ltd., Crawley, United Kingdom) (33) . cDNA (9 l) (diluted 1:3 in H 2 O) and 1 l of either CD14-Hs02621496-s1, TLR4-Hs00152939-m1, TLR7-Hs00152971-m1, STAT1-Hs00234829-m1, STAT2-Hs01013126, SOCS2-Hs 00374416-m1, CXCL9-Hs00171065-m1, CXCL11-Hs_00171138_m1, NEXNHs__00332124-m1, BCL2A1-Hs00187845-m1, IFNB1-Hs01077958_s1, or GAPDH-Hs99999905-m1 were added to 10 l TaqMan universal PCR master mix (Applied Biosystems, part 4304437). The relative changes of each transcript, using GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as endogenous control, were calculated using the software SDS Enterprise Database version 2.1 and the ⌬⌬C T method (21) . The results are expressed as relative quantities (Ն 2 ), i.e., the amount of targets (wild-type N. meningitidis [10 6 ], N. meningitidis LPS [1 ng] and the N. meningitidis lpxA mutant [10 8 ]) in incubated monocytes normalized to an endogenous reference (GAPDH) and relative to monocytes incubated with vehicle.
Quantification of protein levels in supernatants. Supernatants harvested from human monocytes incubated with vehicle, wild-type N. meningitidis (10 6 ), N. meningitidis LPS (1 ng), or the N. meningitidis lpxA mutant (10 6 or 10 8 ) were analyzed using a microsphere-based multiplexing bioassay system with Xmap technology (Luminex Corporation, Austin, TX). Interleukin-6 (IL-6), IL-8, gamma interferon (IFN-␥), macrophage inflammatory protein 1␤ (MIP-1␤), and tumor necrosis factor alpha (TNF-␣) were analyzed using the Bio-Plex Human Cytokine 11-Plex assay (Bio-Rad Laboratories Inc., Hercules, CA; lot no. X5006DMAWN). CSF-2 (Bio-Rad catalog no. 171A1180) was analyzed separately, while CXCL10 (R&D Systems Europe, Ltd., Abingdon, United Kingdom; catalog no. LUB266) and CXCL11 (R&D Systems; catalog no. LUB672) were analyzed together. All supernatants from each experiments (n ϭ 3) were run in parallel. The analyses were performed as described by the manufacturer, who reported interassay variations (percent coefficient of variation) of below 10% for all except CXCL11, which ranged from 17 to 19%.
Quantification of CXCL10 and CXCL11 in samples from patients with meningococcal disease. Heparinized plasma (15 U/ml of blood) collected at hospital admission from patients with fulminant septicemia (n ϭ 10) and distinct meningitis (n ϭ 4) were quantified for CXCL10 and CXCL11 using Xmap technology (see above). All patients had positive blood culture. Healthy humans (laboratory personnel; n ϭ 10) were analyzed as controls.
Quantification of N. meningitidis LPS in plasma from patients with meningococcal disease. Quantification of N. meningitidis LPS in plasma was performed with the LAL assay as described previously. The detection limit was 0.04 EU/ml (5, 8) . Quantification of N. meningitidis DNA copies in plasma from patients with meningococcal disease. Quantification of N. meningitidis DNA was performed using q-PCR as previously described (32) .
Statistical analysis. The patients' data are given as median and range. The differences between patient groups were calculated using Spearman's rank order correlation in SSPS 14.0 (SPSS Inc., Chicago, IL). The level of significance was set at a P value of Ͻ0.05.
RESULTS AND DISCUSSION
Descriptive analysis of the differentially expressed genes in human monocytes induced with wild-type N. meningitidis (10 6 ), purified N. meningitidis LPS (1 ng) and the N. meningitidis lpxA mutant (10 6 and 10 8 ) for 3 h. Our study revealed that a total of 4,689 genes were differentially expressed when human monocytes were incubated with 10 6 wild-type N. meningitidis organisms (Table 1 ). Of these, 1,327 genes were up-regulated and 3,362 down-regulated, indicating that the cell is substantially "reprogrammed" to meet the challenge of intruding meningococci. Interestingly, we also found that 1 ng/ml of purified N. meningitidis LPS induced a gene expression pattern very similar to that for wild-type N. meningitidis (10 6 ), i.e., 4,294 genes (1,366 and 2,928 up-and down-regulated, respectively), of which 3,416 of the genes were common (data not shown) and regulated to the same level (r ϭ 0.99). However, 1,273 genes were unique for wild-type N. meningitidis (10 6 ) and 878 were unique for N. meningitidis LPS, demonstrating that the LPS presentation form influenced the gene expression pattern. Incubation with the same number of LPS-deficient N. meningitidis organisms (10 6 ) revealed only 72 differentially expressed genes (46 genes up-regulated and 26 down-regulated), indicat- (10 6 and 10 8 ) revealed that the LPS-deficient N. meningitidis has the ability to induce changes in the gene expression patterns in a dose-dependent manner. This indicates that bacterial components other than LPS in the meningococcus have the ability to induce changes in cellular functions in human monocytes. We conclude that in the monocytes that the meningococci encounter, the larger part of the gene regulation is not LPS specific, but other molecules are also involved in the regulation. These molecules probably include membrane lipoproteins and possibly fragments of peptidoglycans located underneath the outer membrane. Cell activation by these molecules is TLR2 dependent (16, 17) . LPS, however, is by far the most potent molecule in the bacterial cell wall in regard to changes in gene expression in human monocytes. These differences in gene expression patterns in wild-type N. meningitidis as opposed to the LPSdeficient N. meningitidis are in line with differences in cytokine synthesis observed in other studies (39, 46, 47) .
To validate our gene expression data analyzed by using microarrays, 12 selected differentially expressed genes were quantified by qRT-PCR (Table 2) .
Opsonophagocytic activity. Opsonophagocytic activity was used to test the functionality of both cells and bacterial strains. Monocytes seeded for 3 h in the presence of fluorescencelabeled wild-type N. meningitidis or the N. meningitidis lpxA mutant were quantified for phagocytosed bacteria by a flow cytometric technique that distinguishes between cell surfacebound and internalized bacteria. The data revealed that the LPS-deficient meningococci were phagocytosed to a higher degree than the wild-type meningococci. Thus, at 3 h, 39% and 99% of the monocytes had internalized LPS-deficient bacteria when challenged with 10 6 and 10 8 LPS-deficient N. meningitidis organisms, respectively. Only 19% of the monocytes had phagocytosed bacteria when challenged with 10 6 wild-type bacteria.
Similar results have been obtained by studying phagocytosis of capsulated and capsule-deficient N. meningitidis strains in human monocytes (20, 25) . One may speculate as to whether the presence of LPS in the outer membrane protects the meningococci when monocytes encounter the bacteria and an incipient phagocytic process evolves. The mechanisms behind this phagocytic process are largely unknown. It is not antibody mediated, as shown by control experiments using immunoglobulin G-depleted plasma (data not shown). However, the complement system is operable, and it is likely that the mannosebinding lectin or the alternative pathway may play a role. It has thus been shown that wild-type meningococci may resist binding of mannose-binding lectin due to the terminal sialic acid of the LPS molecule (18) . Thus, possibly through such mechanisms, the LPS-deficient N. meningitidis may be less protected against phagocytosis than the wild-type N. meningitidis in our in vitro system. The capsular polysaccharide produced by the wild-type N. meningitidis may also be more abundant than that produced by the LPS-deficient N. meningitidis, which could influence the phagocytosis.
One of the most up-regulated genes (FC, 155) (Table 3) in the presence of LPS is that for nexilin (symbol, NEXN). This is an F-actin-associated protein involved in the rearrangement of the cytoskeleton, which is found highly expressed in heart and skeletal muscles and furthermore has been shown to be involved in actin cytoskeletal remodeling mediating cell migration and adhesion in HeLa cells (50) . Exposing monocytes to 10 8 LPS-deficient N. meningitidis organisms did not lead to expression of this transcript at all. To the best of our knowledge, nexilin has not yet been described in human monocytes, and its functional role in connection to phagocytosis still remains unclear.
Viability. Engulfment of bacteria may both induce or block apoptosis in the host cell (12) . Reports on apoptosis by wildtype N. meningitidis in various other host cells showed that both apoptotic and antiapoptotic responses were induced (24, 37) . Viability in the present study, based on the absence of annexin V and PI at 3 h, ranged from 75% in monocytes incubated with vehicle, 10 6 wild-type N. meningitidis organisms, 1 ng of N. meningitidis LPS, or 10 6 organisms of the N. meningitidis lpxA mutant to as low as 30% when incubated with 10 8 organisms of the N. meningitidis lpxA mutant. Monitoring phosphatidylserine translocation to the monocyte cell surface and influx of PI into monocytes incubated with wild-type N. meningitidis, purified N. meningitidis LPS, or 10 6 LPS-deficient N. meningitidis organisms showed no changes compared to vehicle alone. Incubation with 10 8 LPS-deficient N. meningitidis organisms, on the other hand, resulted in an increased influx of PI (64%; n ϭ 4) and decreased annexin V-positive cells (10%; n ϭ 4), indicating that necrosis occurred. Similar results were observed after incubation with wild-type N. meningitidis (10 8 ). However, essentially the same number of cells was recovered from all inducers at 3 h compared to vehicle, indicating intact cells.
We also observed that in human monocytes incubated with wild-type N. meningitidis (10 6 ), 603 differentially expressed genes related to cell death were induced, compared with 22 and 542 genes when monocytes were incubated with LPSdeficient N. meningitidis at 10 6 and 10 8 organisms, respectively (Table 1 ). In line with this closer examination of the cell death data (Table 1 ), 380 common cell death genes for wild-type N. meningitidis (10 6 ) and LPS-deficient N. meningitidis (10 8 ) were found (data not shown). This indicates that a substantial number of genes were similarly regulated (r ϭ 0.75). All together, 163 genes were unique for the LPS-deficient N. meningitidis (10 8 ), and furthermore, 5 of these were related to the "necrotic processes." To what extent this may be reflected in increased necrosis (PI positivity) remains to be settled.
Identification of genes that were particularly sensitive to LPS. To dissect the specific effects of LPS presence in the meningococci, we compared the gene expression patterns from wild-type N. meningitidis and the LPS-deficient N. meningitidis (10 8 ). This comparison disclosed 2,288 genes, which we suggest to be "particularly sensitive to LPS." Of these, 80% were also found to be differentially expressed by purified N. meningitidis LPS. IFN-␤ and CXCL11 were the most up-regulated (Table  3) FC, Ͼ͉5͉), thus indicating that the presence of LPS molecules, among other molecules, leads to involvement of the TLR signaling (Table 4 ) and type I IFN (Table 5) pathways. To further substantiate these findings, we have dissected these signaling pathways by using Ingenuity pathway analysis.
LPS-sensitive genes in the TLR signaling pathway. TLRs, either on the cell surface or on the endosomal membranes, are key receptor molecules for the recognition of specific conserved bacterial structures, the pathogen-associated molecular patterns (26) , which upon ligation will lead to intracellular signaling events resulting in synthesis of proinflammatory cytokines and IFNs (44) . The TLRs may differentially regulate their responses, depending on the nature of the invading pathogenic organisms (26) . We focused on how the TLRs are engaged by the presence of the LPS molecules in order to underscore the importance of this molecule in eliciting inflammatory and immune responses. TLR4, located on the cell sur- 3), indicating that other, non-LPS bacterial components also up-regulate TLR4. Signaling through TLR4 may use either the MyD88-dependent or the MyD88-independent pathway, leading to synthesis of inflammatory cytokines and IFN-inducible genes, respectively (19, 55) . CSF-2, IL-6, IL-8, IFN-␥, MIP-1␤, and TNF-␣ mRNAs (Table 6) are examples of inflammatory genes that were found to be up-regulated in our study using either wild-type N. meningitidis, purified N. meningitidis LPS, or LPS-deficient N. meningitidis, showing involvement of the MyD88-dependent pathway. Supporting evidence that these up-regulations at the mRNA levels reflected alterations in the protein abundance was obtained by quantifying the responding secreted proteins in the supernatants (Table 6 ). However, our findings indicate that LPS-deficient N. meningitidis (10 8 ) is less potent in inducing selected cytokines than wild-type N. meningitidis. The presence of LPS (wild-type N. meningitidis as well as N. meningitidis LPS) additionally resulted in up-regulation of IFN-␤ mRNA, which would indicate involvement of the MyD88-independent pathway. In line with this is the finding of Toshchakov et al., who showed that activation of TLR4 by Escherichia coli LPS in murine macrophages resulted in an early induction of IFN-␤ through the MyD88-independent pathway (43) . IFN-␤ release upon LPS stimulation has also been observed in human monocyte-derived dendritic cells by Severa et al. (38) . It should furthermore be pointed out that the presence of LPS was a prerequisite for the up-regulation of several other genes assigned to the TLR signaling pathways, such as those for EIF2AK2 (IFN-inducible RNA-dependent protein kinase), IKBKB, NFKB1A, TLR5, TLR7, and TOLLIP (Table 4) . Of these, TLR7, the receptor for singlestranded RNA in the endosomes, has been observed expressed in plasmacytoid dendritic cells upon LPS exposure (11, 26) . TLR2, however, which is known to recognize lipoproteins, peptidoglycans, and lipoteichoic acids (28) , was found to be present at 3 h but was not regulated by either of the inducers in the present study. Furthermore, the expression of TLR9, a receptor known to have specificity for bacterial nucleic acids, was found to be absent in our study despite the presence of bacterial DNA. TLR9 is located in intracellular compartments (13, 27) and is found constitutively expressed in neutrophils and monocytes (31) . However, TLR9 signaling has been shown to be lower with heat-inactivated N. meningitidis as opposed to live N. meningitidis in HEK293 cells (28) . To what extent methodological differences may contribute to the different results should be further investigated.
LPS-sensitive genes in the IRF family. Together with the TLRs and the pathogen-associated molecular patterns, a family of transcription factors, the IFN regulatory factor (IRF) family (IRF1 to 9), plays a vital role in the appropriate "finetuning" of the immune response for clearance of a specific pathogen (14) . IRFs have been shown to have essential roles in the downstream signaling of LPS/TLR4, leading to induction of IFN-␤ (14) . In our study, LPS led to up-regulation of IRF1 (FC, 2.3), IRF2 (FC, 4.8), IRF7 (FC, 3.8), and IRF9 (FC, 2.1). IRF1, IRF2, and IRF7 are all assumed to work as activators or repressors of the IFN-␤ gene (34) . IRF9, also named ISGF3G, has been suggested to play a major role in the IFN signaling pathway by forming a DNA binding complex with STAT1 and STAT2 (14, 34) . Thus, our study shows that upon LPS stimulation, regulation of transcription factors in the IRF family involved in both the TLR and the type I IFN signaling pathways occurs in monocytes.
LPS-sensitive genes in the JAK-STAT signaling pathway (type I IFN signaling pathway). The most affected canonical pathway in monocytes incubated with wild-type N. meningitidis was the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway (P ϭ 8.5 10 Ϫ6 ). Activation through this pathway by ILs, growth factors, or IFNs upon ligation of specific cell surface receptors results in the synthesis of a large number of ILs (Ͼ50), growth factors, and hormones as well as a series of inhibitory proteins (SOCS, PIAS, and PTP proteins) (45) involved in cell migration, cell proliferation, apoptosis, and immune development (23) . Specificity in the gene expression pattern is generated from almost 40 receptors through combinations of four JAK and seven STAT family members (30) . In the present study, we have shown that the presence of LPS leads to differential expression of IFNB1, ISGF3G (IRF9), JAK2, STAT1, and STAT2 (Table 5) , all of which are involved in the IFN signaling pathway. Thus, the highly increased up-regulation of IFN-␤ (FC, 146) in the presence of LPS may give rise to formation of a trimeric ISGF-3 complex produced from STAT1, STAT2, and ISGF3G (14) . This complex will translocate to the nucleus and induce transcription (14) . Furthermore, the list of transcripts of "particu- larly LPS-sensitive genes" (Table 3) includes among others  CXCL9, CXCL10, CXCL11, IFIT1, IFIT2, IFIT3, IFIT5,  IFI44 , and ISG15, all of which are assumed to be IFN-␤-inducible genes (34) . As for protein presence, we could confirm this for CXCL10 and CXCL11 (Table 6 ) in the monocyte supernatants stimulated with wild-type N. meningitidis and N. meningitidis LPS but not in those stimulated with LPS-deficient N. meningitidis (10 8 ). These results relate to the findings of Severa et al., who demonstrated release from monocyte-derived dendritic cells of IFN-␤-stimulated genes such as IRF7 and CXCL10 (38) . Furthermore, Coelho et al. also showed CXCL11 to be up-regulated by IFN-␤ during differentiation of human monocytes to osteoclasts (10). Our findings, based on the several highly up-regulated transcripts and the detection of released proteins (CXCL10 and CXCL11) into the monocyte supernatants, may indicate that IFN-␤ release upon LPS stimulation may subsequently activate the IFN signaling pathway.
Quantification of CXCL10 and CXCL11 in plasma from patients with meningococcal disease. To investigate whether our in vitro findings of increased synthesis of CXCL10 and CXCL11 might occur in an in vivo situation, possibly signifying new circulating biomarkers, samples from patients with meningococcal disease (sepsis as well as meningitis) with positive blood culture collected at hospital admission and samples from healthy individuals were quantified for CXCL10, CXCL11, and LPS (Fig. 1) . The median level of CXCL10 in plasma samples from patients with fulminant septicemia was 2,120 pg/ml (range, 997 to 5,709 pg/ml), which was significantly higher (P ϭ 0.007) than that in patients with distinct meningitis (median, 395 pg/ml; range, 239 to 1,023 pg/ml). Healthy donors had a median value of 80 pg/ml (range, 38 to 186 pg/ml) (Fig. 1) . The median level of CXCL11 in patients with fulminant septicemia was 848 pg/ml (range, 359 to 1,704 pg/ml), while patients with distinct meningitis had a median level of 819 pg/ml (range, 450 to 1,083 pg/ml). Healthy donors had a median level of 518 pg/ml (range, 271 to 977 pg/ml). There were no significant differences in the CXCL11 levels between the groups.
The patients with fulminant septicemia had a median LPS level in plasma of 87 EU/ml (range, 2 to 1,189 EU/ml) compared with 0.1 EU/ml (range, 0 to 4.3 EU/ml) for patients with distinct meningitis (Fig. 1) . Furthermore, the patients with fulminant septicemia had a median number of N. meningitidis DNA copies of 2 ϫ 10 7 (range, 7.9 ϫ 10 5 to 2.2 ϫ 10 8 ) compared with 2.3 ϫ10 4 (range, Ͻ10 3 to 1.6 ϫ10 6 ) for patients with distinct meningitis. The healthy donors had neither detectable LPS nor N. meningitidis DNA in their plasma samples. CXCL10 was significantly correlated to plasma LPS (r ϭ 0.89, P Ͻ 0.01; n ϭ 24) and plasma N. meningitidis DNA (r ϭ 0.80, P Ͻ 0.01; n ϭ 24), whereas CXCL11 was significantly but weakly correlated to plasma LPS (r ϭ 0.42, P ϭ 0.04; n ϭ 24) and plasma N. meningitidis DNA (r ϭ 0.48, P ϭ 0.02; n ϭ 24). Significantly higher levels of CXCL10 were found in patients with high LPS levels (fulminant septicemia) than in patients with low levels of LPS (distinct meningitis). We assume that other cells in addition to monocytes contribute to the synthesis of CXCL10 in vivo (9) . CXCL11 showed no significant difference between the groups, thus demonstrating discrepancies between gene expression changes and circulating protein levels.
Taking our results together, we propose that when human monocytes encounter meningococci, the presence of LPS leads to an early expression of IFN-␤, most likely through the TLRMyD88-independent pathway. Subsequently IFN-␤ may activate the JAK/STAT signaling pathway via IFNAR to form a STAT1/STAT2/IFR9 trimeric ISGF-3 complex through the type I IFN signaling pathway. This complex will interact with the IFN-stimulated response elements in the nucleus, and a yet-unknown number of IFN-␤-inducible genes may be transcribed. Based on our experiments comparing gene expression patterns for wild-type N. meningitidis and LPS-deficient N. meningitidis (10 8 ), this implies that "particularly LPS-sensitive genes" are found within both the TLR and the JAK/STAT signaling pathways, influencing several biological processes such as chemotaxis, cell motility, and immune responses as evidenced by appearance of CXCL10 and CXCL11. In addition to these LPS-inducible pathways, other pathways are activated by other bacterial components. Possibly such in vitrogained knowledge related to "the particularly LPS-sensitive genes" may lead to further investigations as to the presence of new biomarkers in meningococcal disease.
